Abstract -The prophenoloxidase activating system (ProPO-AS) is an integral part of the constitutive innate immune response in insects, the products of which are commonly assayed to assess an individual's ability to respond to immune challenges. However, there is considerable variation in the methodologies associated with these assays, and as such, it is not always clear how to interpret results. We have optimised assays for measuring phenoloxidase in its active (PO) and zymogen (ProPO) forms in the honey bee, Apis mellifera. Contrary to results for other insects, we found that the activator α-chymotrypsin, when used at a low concentration (0.5 mg mL −1 ), combined with a minimal activation time (5 min), provided optimal conditions for assaying ProPO. In addition, a saturated L-dopa solution was required for assaying both PO and ProPO. The results highlight the importance of defining the working parameters of each assay to be species-specific. honey bee / Apis mellifera / phenoloxidase / innate immunity / activator
INTRODUCTION
The innate immune system of insects consists of two broad categories of effectors: constitutive and induced (Schmid-Hempel, 2005) . Constitutive responses generally comprise the humoral prophenoloxidase activating system (ProPO-AS) and cellular responses including coagulation, phagocytosis, nodule formation and encapsulation (Gillespie et al., 1997) .
Whilst not maintained at a constant maximum, constitutive immune responses are always present Cerenius et al., 2008) , are non-specific but immediate in effect, and are responsible for clearing most of a microbial challenge very rapidly after infection (Haine et al., 2008) . By contrast the induced responses, such as antimicrobial pepCorresponding author: A.M. Laughton, alice.laughton@emory.edu * Manuscript editor: Bernd Grünewald tides, occur only once the invading pathogen has been recognised. They are specific and take longer to produce, but are longer lasting in their effect (Boman and Hultmark, 1987) .
We concentrate on one important arm of the constitutive immune responses. The ProPO-AS is a series of complex interactions between enzymes and their zymogens, leading to the production the enzyme phenoloxidase (PO; monophenol, L-dopa:oxygen oxidoreductase, EC 1.14.18.1). PO activity ultimately results in the formation of melanin, which is subsequently involved in cuticle sclerotisation, wound healing and cellular defence responses (Mason, 1955; Ratcliffe et al., 1984; Cerenius et al., 2008) . Due to the cytotoxic nature of the by-products of this process, PO is commonly stored as its inactive precursor prophenoloxidase (ProPO), and activated as part of the cascade following the recognition of foreign compounds (Ratcliffe et al., 1984; Riley, 1988; Gillespie et al., 1997; Söderhäll and Cerenius, 1998) . Consequently, two different measurements of PO may be taken when assaying insect immunity: the freestanding "naturally active" PO (henceforth referred to as PO activity), and the total "potential" PO response (ProPO activity), measured after the artificial activation of the precursor ProPO.
ProPO is naturally activated by bacterial and fungal cell wall components (Ratcliffe et al., 1984; Söderhäll and Cerenius, 1998) . Commonly, laminarin, lipopolysaccharides (LPS) and α-chymotrypsin are used as artificial ProPO activators, but have varying levels of success in different insects (Brookman et al., 1989; Thompson, 2002; Korner and Schmid-Hempel, 2004; Eleftherianos et al., 2006) . Laminarin (a storage polysaccharide of brown algae, made up of 1,3-glucans) activates ProPO in the mealworm beetle, Tenebrio molitor, and induces nodule formation in the African migratory locust, Locusta migratoria (Thompson, 2002; Mullen and Goldsworthy, 2006) . LPS (a non-pathogenic cell wall component derived from Escherichia coli) has been shown to induce nodule formation when injected into the desert locust, Schistocerca gregaria (Gunnarsson and Lackie, 1985) , and increased phagocytosis in the wax moth, Galleria melonella (Ratcliffe et al., 1984) . Chymotrypsin is a protease that hydrolyses the peptide bonds in ProPO to produce active PO, and activates ProPO in many insects (e.g. Saul and Sugumaran, 1988; Kopacek et al., 1995) . All of these compounds therefore have the potential for assaying ProPO activity action in honey bees.
Whilst the honey bee, Apis mellifera L., is of great economical value, it is subject to a wide range of micro-and macro-parasites including viruses, bacteria, fungi and mites (Bailey and Ball, 1991; Allen and Ball, 1996; Carreck and Williams, 1998) . The immune responses raised against these pathogens are costly and impact on other life-history traits (e.g. Bailey and Ball, 1991; Evans and Pettis, 2005) . With the role that immunity plays in honey bee health recently coming under scrutiny due to the phenomenon termed Colony Collapse Disorder (Oldroyd, 2007; Cox-Foster et al., 2007) , developing an accurate, reliable and cost-effective assay of immune function in honey bees is vital. Quantification of PO/ProPO activity offers the potential for assaying 'health', as increased activity correlates with higher levels of pathogen resistance in several study systems (Tenebrio molitor (Barnes and SivaJothy, 2000; Armitage and Siva-Jothy, 2005) , Drosophila (Braun et al., 1998) , Glossina sp. (Nigam et al., 1997) and Manduca sexta (Eleftherianos et al., 2006) ). Levels of PO activity are typically assayed through its catalytic conversion of L-dopa (3,4-dihydroxy-L-phenylalanine, colourless) to dopachrome (red-brown colour), which is measured photometrically (Horowitz and Shen, 1952; Barnes and Siva-Jothy, 2000; Thompson, 2002) . In the present study, we define the optimum assay parameters for PO and ProPO activity, including a review of ProPO activators, in order to measure this key immune enzyme in the honey bee.
MATERIALS AND METHODS

Bees
Adult honey bee workers were collected from a single colony of healthy British hybrid bees (Apis mellifera L.) maintained at the University of Sheffield. Brood frames were incubated overnight (36 ± 1
• C, 24 h dark photoperiod, 40 ± 2% humidity) and newly emerged adults collected the following morning. Bees were maintained in cages (36 ± 1
• C, 12:12 h L:D photoperiod, 50% sucrose solution ad libitum) for 24 h prior to sampling as previous experiments found 24 h to be the minimum age at which to successfully assay PO/ProPO activity (data not shown). Bees collected were therefore between 24 and 36 h old.
Evaluating Km
To obtain the maximum linear rate of colour change of L-dopa to dopachrome, and consequently an accurate measure of the concentration of PO associated with a reaction, all aspects of the reaction mixture must be optimised. The enzyme kinetics can be calculated using methods set out in Henderson (1992) and extrapolating data to find the constants of the reaction. Honey bee haemolymph was found to conform to the Michaelis-Menten equation (unpubl. data), with a Michaelis constant (Km) of 5.75 mM, giving an optimal reaction velocity (Vmax, equal to 2 × Km) with 11.5 mM L-dopa (data not shown). Although solubilities as high as 10 or 20 mM have been recorded (Sinsabaugh et al., 1991; Bidla et al., 2009) , L-dopa is considered sparingly soluble in water, making the Vmax calculated for honey bees unlikely to be easily achievable (Merck Index, 2006) . To establish a workable concentration of L-dopa to yield maximum possible results, L-dopa solutions were tested using the Km (5.75 mM; after 10 min vortexing the solution reached saturation at this point and failed to dissolve further to provide the concentration needed for 2 km (V max )) and half Km (2.88 mM) concentrations in distilled water. The saturated solution was filtered and recorded with a final concentration of between half Km and Km (2.88-5.75 mM).
Haemolymph extracts were collected and pooled from perfusion bleeds of 10 workers. In a standardised method for this and all subsequent collections, perfusion bleeds were carried out using 0.5 mL ice-cold sodium cacodylate buffer (NaCac; 0.001 M sodium cacodylate, 0.005 M calcium chloride, pH 6.5). Samples were immediately frozen (-90 • C) to disrupt the haemocytes. Prior to use, samples were defrosted on ice, vortexed briefly to ensure thorough mixing, and centrifuged to remove cell debris (4
• C, 80 000G, 15 min). To ensure that PO was not a limiting factor in the assay, aliquots of the pooled haemolymph were tested at five different dilution levels (1, 1/2, 1/4, 1/8, 1/16) for both L-dopa concentrations. Each Ldopa:haemolymph dilution level combination was repeated seven times. As standard for this and all subsequent PO activity assays, 20 μL aliquots of the haemolymph sample were mixed with 140 μL dH 2 O and 20 μL PBS (phosphate buffered solution; 150 mM NaCl, 10 mM Na 2 HPO 4 , pH 6.5) in a pre-chilled 96-well plate (chilled plates prevent the reaction starting before required). Lastly, 20 μL L-dopa was added, and the reaction allowed to proceed at 30
• C in a spectrophotometer (VersaMax tunable microplate reader, Molecular Devices). Readings were taken at 490 nm every 15 s for 1 h and analysed using Softmax Pro v5.0.1 software. Enzyme activity (V max ) was measured as the maximum linear rate of substrate conversion. Typically a lag period of 200 s was recorded whilst plates reached optimal reaction temperature and substrates were mixed. Following this, the linear recording period was on average taken over the subsequent 1200 s (after this time, samples may start to plateau, depending on treatment and assay type (PO/ProPO activity)).
The experiment was repeated to test the ProPO activity assay: the assay was identical to that for PO activity, but 5 μL of the dH 2 O in the reaction mixture was replaced with 5 μL α-chymotrypsin (5 mg mL −1 ), a common ProPO activator. The reaction mixture was incubated at room temperature (19 ± 2
• C) for 5 min to allow activation to occur, with gentle agitation of the plate to allow complete mixing of reaction components, before the L-dopa was added and recording started. ProPO activity was quantified as the maximum linear rate of the reaction. This protocol for used for all subsequent assays of ProPO activity.
ProPO activators
Commonly, laminarin, LPS and α-chymotrypsin are used as artificial ProPO activators, but all have exhibited varying degrees of success in different study systems (Brookman et al., 1989; Thompson, 2002; Korner and Schmid-Hempel, 2004; Frassens et al., 2008) . To assess which activator works best for honey bees, 12 workers were perfuse bled as standard (samples were used individually, not pooled). Four 20 μL aliquots of each sample were used for the standard ProPO activity assay (see above). Each aliquot received 5 μL of the different ProPO activators (concentrations determined following Thompson, 2002) : either laminarin (1 mg mL −1 ), LPS (0.5 mg mL −1 ), α-chymotrypsin (5 mg mL −1 ), or a control (dH 2 0). Following incubation, 20 μL L-dopa at a saturated concentration was added to the wells and the ProPO activity recorded as standard.
Activator timecourse
The length of time that samples are incubated, both with or without a ProPO activator, prior to assaying differs between studies (Thompson, 2002; Eleftherianos et al., 2006; Schmid et al., 2008; Wilson-Rich et al., 2008) . Preliminary experiments showed that PO rapidly breaks down on defrosting, even if stored on ice (unpubl. data). In addition, using a non-specific protease with no regulatory mechanism, such as α-chymotrypsin, as a ProPO activator carries the risk of hydrolysis continuing unchecked, and subsequently recording inaccurate levels of PO activity. Both of these factors highlight the importance of minimising the incubation time of samples. To determine the incubation time needed to activate ProPO in honey bees, 48 workers were perfuse bled. Prior to use, samples were pooled and incubated on ice for the duration of the experiment. Using the same four ProPO activators as above, their effectiveness was tested against aliquots of the pooled sample over different incubation times. Samples were incubated with each activator for 5, 10, 20 or 30 min at room temperature (19 ± 2
• C) before adding L-dopa and allowing the assay to proceed as standard. Each time period:activator combination was repeated five times.
Activator concentration
To minimise any damage caused by the α-chymotrypsin when added to a haemolymph sample (Muhlia-Almazán et al., 2008) , its concentration was evaluated to find the lowest workable concentration needed to ensure maximum ProPO activation. Perfusion-bled haemolymph was pooled from 10 workers and 20 μL aliquots used in the standard ProPO activity protocol. α-chymotrypsin was tested at six concentrations: 0.25 mg mL −1 , 0.5 mg mL −1 , 1.0 mg mL −1 , 2.0 mg mL −1 , 5.0 mg mL −1 and 10.0 mg mL −1 , with each α-chymotrypsin concentration repeated five times.
RESULTS
Evaluating Km
PO activity
There was a significant effect of L-dopa concentration on the V max (rate of change in optical density) of PO activity, with the saturated Km concentration recording a higher enzyme activity level than the half Km L-dopa concentration (Fig. 1, F 1 ,47 = 9.35, P < 0.01, data log10 transformed). The difference between the two L-dopa concentrations was amplified as the concentration of PO in the sample became increasingly limited. Despite samples being pooled, we saw some variation between repeats at the lower sample concentrations. This was likely due to the fact that the low levels of PO present in the samples produced more error in the reaction curves due to the limited sensitivity of the recording apparatus. 
ProPO activity
There was a significant interaction of Ldopa concentration with the sample dilution factor (Fig. 2, F 1 ,46 = 10.19, P < 0.01, data log10 transformed). In the undiluted haemolymph sample, the saturated L-dopa solution recorded a higher level of ProPO activity (V max ) than the half Km L-dopa solution.
ProPO activators
There was a significant difference between the effectiveness of the ProPO activators on honey bee haemolymph (Fig. 3, F 3 ,40 = 46.5, P < 0.001, data log10 transformed), with considerably more ProPO activated by α-chymotrypsin than any of the other activators.
Activator timecourse
There was a significant interaction between activator and incubation time on the levels of ProPO activity recorded (Fig. 4, F 3 ,72 = 4.03, P = 0.01, data log10 transformed). Across all activator groups the amount of ProPO activity (V max ) assayed significantly decreased with increasing incubation time. As before, α-chymotrypsin activated vastly more ProPO than the other activators. Consequently, a minimum activation time should be used to conserve maximum ProPO activity for assaying, whilst allowing time for reaction components to be thoroughly mixed and the protease brought up to working temperature before starting the assay recording.
Activator concentration
Regression analysis showed a significant effect of α-chymotrypsin concentration on ProPO activity (Fig. 5, F 1 ,28 = 19.16, P < 0.001, r 2 = 0.406). The use of higher concentrations of α-chymotrypsin resulted in lower levels of ProPO activity. As α-chymotrypsin is potentially destructive, it is preferable to use the lowest concentration available that still yields maximum results. Consequently the lowest concentration should be taken from the three concentrations that showed higher levels of ProPO activation (points above the regression line), giving an optimal α-chymotrypsin concentration of 0.5 mg mL −1 .
Optimal reaction conditions
Following these results, a saturated L-dopa solution (concentration between 2.88 mM and 5.75 mM) should be used for the optimal assaying of PO and ProPO activity in honey bees. For the activation of ProPO, samples should be incubated with α-chymotrypsin (0.5 mg mL −1 ) for 5 minutes at room temperature (19±2
• C) prior to the addition of L-dopa.
DISCUSSION
This study has defined standard working parameters for measuring honey bee PO and ProPO activity. It is important that assays of this enzyme are standardised given the variation in this effector system between individual bees (Laughton, 2008) . These methods have subsequently been successfully used to assay PO and ProPO activity levels in both workers and drones, over all ontogenetic stages, and with varying levels of parasitic infection (Laughton, 2008) , and we believe, will be equally applicable to other honey bee subspecies.
A saturated L-dopa solution with a concentration between 2.88 and 5.75 mM (5.67-11.34 mg mL −1 ) provided a conservative estimate of enzymic activity, and should be preferentially used in future experiments. This concentration is in the same magnitude as that previously calculated via the same methods for use in a PO activity assay of Tenebrio molitor (optimal found to be 4 mg mL −1 , Moret and Siva-Jothy, 2003) , and used in assays of bumble bees (Korner and Schmid-Hempel, 2004 ) and honey bees (Schmid et al., 2008) . It is not known why we were unable to produce the concentrations of 10 mM reported in Sinsabaugh et al. (1991) , although it is possible that heating may have aided dissolution in this case.
The use of α-chymotrypsin as the most successful activator of ProPO in honey bees contrasts with the results for T. molitor (Thompson, 2002) , but is supported by similar findings in Schistorcerca gregaria (Franssens et al., 2008) . α-chymotrypsin is a general protease and as such is capable of causing damage if not controlled (Muhlia-Almazán et al., 2008) . Higher levels of α-chymotrypsin had a negative effect on ProPO activity, highlighting the sensitivity of the assay to changes in activator concentration. Further research into the effects of ProPO activators confirmed that long incubation times with an activator can dramatically reduce the concentration of PO available for assay. Consequently a minimal incubation period of five minutes should be used when assaying ProPO activity in honey bees. ProPO will breakdown into PO naturally over time (the addition of a ProPO activator speeds this process to completion). Longer incubations, as used in previous studies (e.g. Eleftherianos et al., 2006; Schmid et al., 2008) , allows time for excess activated PO (from ProPO) to be degraded by the ProPO-activating enzyme within the haemolymph sample, or removed by combining into larger protein aggregates, both regulatory mechanisms employed in vivo to avoid the deleterious autoimmune effects of high concentrations of active PO (Nappi et al., 1995 (Nappi et al., , 2004 K. Söderhäll, pers. commun.) . Although samples assayed using longer incubation periods will be comparable to each other, they reflect neither a measure of the maximum immune investment (i.e. all ProPO and all PO activity), nor the singular PO activity response. It has been shown that some ProPO is spontaneously activated during the process of haemolymph extraction (Bidla et al., 2009) , and it may be this by-product that is being measured in the PO activity assay. Whilst we cannot rule out the fact that such activation has occurred, we would expect these measures to be uniform across all individuals studied when subject to the same collection protocols. Nevertheless, we have recorded variation in measures of PO activity correlating with differences in season and treatment (Laughton, 2008) , which suggests that although a baseline activation may exist corresponding to the collection method, PO activity is still a valid measure when comparing like for like. However, it may be prudent to refer to such a measure as "naturally activated" rather than "constitutive" PO activity.
The ratio of PO to ProPO activity in bees was found to be approximately 1 to 365 in these experiments, much greater than that recently seen in the amphipod Gammarus pulex (activity levels of ProPO found to be approximately 15 times greater than those of PO, Cornet et al., 2009a) . However, in preliminary data for this study, and subsequent experiments, PO activity was found to be the more variable parameter compared to ProPO activity; the high variation in honey bee PO activity levels associated with seasonal and treatment effects could cause the ratio of PO to ProPO activity to drop as low as 1 in 50 in some cases (Laughton, 2008) . This difference in plasticity between the two measures was also found in G. pulex (Cornet et al., 2009b) , and may represent the transient nature of active PO in the haemolymph, and the variation in the relative costs of maintaining the two immune responses. Consequently, the choice of assay within a study should be carefully considered to reflect the questions being asked.
Phenoloxidase undoubtedly plays many crucial roles in the organisation and efficacy of the innate immune system of insects, and it has long been used to measure an individual's immune defence ability (Brookman et al., 1989; Söderhäll and Cerenius, 1998; Wilson et al., 2001; Sugumaran, 2002) . Nevertheless, contradictory evidence exists that increasing PO concentrations are indeed correlated with an increased resistance to pathogens, and the use of PO activity assays as a good measure of the immune response of an individual is not without controversy (Adamo, 2004; Mucklow et al., 2004; Cerenius et al., 2008) . Whilst some studies have shown no correlation between PO concentration and pathogen susceptibility (Adamo, 2004; Mucklow et al., 2004; Leclerc et al., 2006; Schwarzenbach and Ward, 2007) , others provide compelling evidence to suggest otherwise (Nigam et al., 1997; Braun et al., 1998; Barnes and Siva-Jothy, 2000; Brown et al., 2003; Armitage and Siva-Jothy, 2005; Cerenius et al., 2008; Eleftherianos et al., 2008) . Subsequent studies infecting bees with bacterial derivatives found a negative effect of immune challenge on PO and ProPO activity, suggesting that phenoloxidase does play an important role in the immune response in honey bees (Laughton, 2008) . However, to build up a fuller picture, further studies utilising multiple natural bee parasites should be carried out, as host phenoloxidase immune responses may be parasite-specific (Adamo, 2004) .
Although the repeatability and consistent measurement of phenoloxidase is particularly important to gain an understanding of the immune system, such assays should ideally be viewed together with other immune parameters. Whilst traditional immunological measures including antimicrobial peptides, fat body mass and haemocyte counts have been successfully applied to immunity studies in the honey bee (e.g. Schmid et al., 2008; Wilson-Rich et al., 2008; Laughton, 2008) , recent sequencing of the honey bee genome has revealed candidate immune genes (HGSC, 2006) . The characterisation of the cDNA encoding prophenoloxidase has already been found (Lourenço et al., 2005) , and together, their assessment using tools such as differential gene expression and quantitative genetics (Evans, 2006) will allow for the comprehensive screening of immune responses to pathogens. These approaches are vital for use in matters of honey bee health, and have recently been employed to distinguish genes with a role in the phenomenon of Colony Collapse Disorder (Johnson et al., 2009) . When used in conjunction with the more costeffective traditional assays of immunity they will allow us to better understand the parameters and consequences of the honey bee immune system.
